Subject-specific aortic wall shear stress estimations using semi-automatic segmentation, 2012, Clinical Physiology and Functional Imaging, (32) ment between the resulting WSS distribution for the two segmentation approaches. The small differences in WSS between the methods increase in the late systole and early diastolic cardiac cycle time point indicating that the WSS is more sensitive to local geometric differences in these parts of the cardiac cycle (correlation coefficient is 0.96 at peak systole and 0.68 at early diastole). We can conclude that the results show that the semi-automatic segmentation method can be used in the future to estimate relevant aortic WSS.
Introduction
In the Western world, many people die of cardiovascular diseases e.g. myocardial infarction and stroke. One of the main reasons is atherosclerosis development in the cardiovascular system, which involves a complex process in the arterial wall not yet fully understood, [1] .
The cardiovascular system is constantly subjected to biomechanical stimulation, generated by the flowing blood and it is widely recognized that differences in flow characteristics play a major role in the pathogenesis of vascular diseases. Early atherosclerosis lesions predominately form at specific arterial regions such as arterial branching and at the inner curvature of the aortic arch, in which the blood flow is complex (both in space and time) resulting in disturbed wall shear stress (WSS) distribution [2, 24, 25, 23] . Atherosclerotic lesions can, e.g., be found in the human aorta [9] . Non-invasive imaging combined with computational fluid dynamics (CFD) is a powerful tool [3, 4, 5, 6, 7] in order to estimate such hemodynamic forces.
The approach used in this paper has the capability to in-vivo estimate hemodynamic forces such as WSS inside a specific human aorta [8] . WSS distribution in the human aorta has earlier been studied [5, 11, 12] . However, these studies have certain limitations, such as: 1) only small aortic segments have been studied, 2) geometrically idealized/simplified models Subject Specific Aortic Wall Shear Stress Estimations using Semi-Automatic Segmentation 3 of the aortic arch have been used and 3) only a limited number of subjects investigated. To perform estimations of subject specific WSS, a wide range of research disciplines must be included; from image collection to advanced flow calculations. In order to gain knowledge regarding 3D arterial geometries, computed tomography (CT), magnetic resonance imaging (MRI) and ultrasound can in principle be used to collect the image data. Reconstructed geometries can then be integrated with CFD simulations to estimate biomechanical factors (e.g. WSS) in the healthy or diseased cardiovascular system. Manual, automated or semiautomated segmentation methods may be used in the interpretation of image data to define the lumen of the vessel and accordingly build 3D geometries. In this work, the images of the human aorta are acquired by the use of MRI modality. These images are processed using segmentation techniques that produce a three dimensional model of the arterial wall location. CFD is then used to calculate flow data in the human aorta and the result is subsequently processed to acquire the WSS distribution at the arterial wall. Furthermore, the influence of the segmentation method on the WSS has been the main focus of the investigation. Since the geometrical representation of the artery may influence WSS distribution [10, 13, 14, 8] , it is of great interest to evaluate the effect of the geometrical interpretation method (segmentation) on the resulting WSS values. In studies performed by [19, 20] , automated or semi-automated segmentation methods were used to reconstruct 3D geometries, but limited attention was given to the effects of segmentation method on the quantification of biomechanical factors. However, in another study by [22] , 3D ultrasound data acquisition has utilized manual and semi-automated segmentation methods to produce 3D geometries of carotid bifurcation prepared for CFD analysis. The concludsion was that further work has to be performed on larger datasets to optimize and compare manual and semi-automated segmentation methods [22] .
This paper aim is to analyze the sensitivity of the estimated WSS distribution depending on manual and semi-automatic segmentation methods applied to the human aorta in a group of 8 healthy volunteers. The analysis is to be performed on spatially detailed as well as time-resolved data.
Method
The major steps of the method for estimating subject specific WSS in the human aorta have been described in [8] , but are briefly mentioned here. Steps included in the process are image acquisition, segmentation, meshing, CFD setup, CFD simulation and CFD post-processing.
Further, this section will also include the statistical approach to analyze the results.
Material
The ages of the 8 healthy male volunteers included in the study ranged from 21 to 26 years.
All volunteers gave informed consent, and the study was approved by the regional Ethics Committee for Human Research at Linköping University, Sweden. The full data about the subjects is found in table 1. Note the very small spread in both age (23.5±1.3) and BMI (21.8±1.4) of the volunteers. The volunteers were healthy with no history of cardiovascular disease. The in-vivo measurement technique of MRI was used in order to obtain both geometrical as well as flow information. The eight healthy volunteers were scanned in a 1.5 T MRI scanner (Philips Achieva, Philips Medical Systems, Best, The Netherlands). Geometrical data of the whole aorta was acquired with a gadolinium-enhanced gradient-echo sequence. The final geometrical data was transferred into a resolution of 0.78×0.78×1.00 mm 3 . One component (main flow direction) velocities were measured in a plane perpendicular to the main flow direction in the ascending aorta distal to the aortic root. Velocity information was gained in a 10 mm thick slice-segment with an in-plane spatial resolution of 1.37×1.37 mm 2 . The temporal resolution was approximately 40 time-frames in each cardiac cycle. More detailed information about the employed MRI strategy is found in [8] .
Segmentation
Segmentation was performed with two methods: a manual and a semi-automatic approach.
Both approaches were conducted on the same MRI image data material and by the same operator.
Manual method
In order to locate the aortic wall, the manual method was used by placing points manually in the lumen blood interface, see figure 1 . At least 1000 points were placed manually at the aortic luminal surface on every image slice containing parts of the aorta with a density of ten points per cm. This was done with the aid of in house-developed software in Matlab, that gave the operator a tool to place points at the luminal surface on the MRI slices and collect the coordinates all these points. In this manner, the investigator defined the geometry of the entire aorta. The produced point-cloud from all image slices (about 20000 points) was then used to describe the 3D geometry of the entire aortic luminal surface. 
Semi-automatic method
The semi-automatic segmentation procedure uses a level set method, where a region is expanded out from one or several seed points [16] . The seed points are placed by the operator and expand automatically toward the aortic contours. The segmentation data was then smoothed with a 2 mm Gaussian smoothing filter with a spatial size of 19 pixels. Smoothing filter size (2mm) was selected based on tests on a wide range of settings, which aimed at smoothing inacurate rough surfaces, all the while minimizing oversmoothing. Approximate time for the segmentation process was 20 minutes per subject including the needed manual interactions, e.g., avoid including the pulmonary artery in the segmentation. The segmentation algorithm was implemented into the cardiac image analysis software package Segment [15] . This software was also used to obtain velocity information from the MRI measurements in the ascending and descending aorta. The time resolved volume flow rate was acquired for further use in the CFD boundary conditions, which will be addressed later.
The resulting inlet and outlet areas of both segmentation methods is viewed in table 2. Fluid Model
The surface descriptions reconstructed from MRI acquisition were subject to mesh generation and quality check using ICEM 12.0.1 (Ansys, Inc., Canonsburg, Pennsylvania, USA).
To generate a mesh from the delineated surfaces, some geometric corrections were acquired.
This was done by cropping the surface at the inlet and at the outlets, see the differences between the left and right part of figure 2. This renovation was necessary due to the smoothing operations in the segmentation. The areas for inflow and outflow were prepared to introduce boundary conditions. These surface edges had to be sharp so there is a distinct difference between the wall surface and the inlet and outlet surfaces.
The corrections were also used to obtain approximately the same geometrical section of the aorta for both manual and semi-automatic segmentation methods for all subjects. This results in consistency between the two different models of the same subject as well as consistency among the various subjects. The distance in which all inlet/outlets were cut, was measured from a topologically well defined point (Θ), which was unique in for all subjects. This point Θ was located in curvature indicating subclavian artery, see figure 2 . Although the effort in placing this point manually introduced the errors in size of ± 1 mm, this discrepancy is considered small and neglectable with respect to the final results. Three specific distances, all measured from point Θ, have been used to consequently define inlet and outlet locations, see figure 2. The distances chosen for this purpose were calculated based on the fraction of the average inlet diameter of all subjects (D inlet = 27.3 ± 2.3 mm).
The distances in figure 2 were defined as multiplications of D inlet in head/feet direction, by fraction of 1.3 for inlet, 0.4 for outlets 1, 2, 3 and a fraction 6.6 for outlet 4. These fractions were chosen in order to avoid any outflow boundary condition effects in the analyzed region and to be consistent regarding the aortic geometries used in the CFD simulations.
The mesh creation step within a CFD analysis constitutes one of the most important steps.
The high importance of mesh generation is due to its effect in determination of the numerical solutions' accuracy. In general, the size, type and quality of the generated mesh can compromise the convergence and stability of the computational solution. Consequently, a well-constructed mesh deserves great attention in a CFD simulation. Therefore the computation mesh strategy has been developed by conducting extensive mesh tests regarding quality as well as mesh independence in the solutions. For this purpose, one segmentation type (semi-automatic) for a randomly selected subject was identified, and several simulations were conducted toward mesh independence for both velocity and WSS quantities.
Mesh independence was reached for meshes with Tri/Tetra elements and six prism layers near the wall, with an approximate total size of 2.7 · 10 6 elements (including both Tri/Tetra and prism elements). The prism layers were added to resolve the region near the wall to acquire an accurate prediction of boundary layer quantities such as WSS.
The mesh quality is crucial to achieve convergence, stability and accuracy of the final computational result. The following mesh quality criteria were checked: determinant, skewness and general quality. Each of these factors depends on several other factors e.g., size, type, and location of the cells. In all cases, the general quality of the mesh was improved to a certain satisfactory level, with the general quality being >0.3 for all meshes. Solver settings for CFD simulations were performed utilizing the commercial software FLUENT version 12.0.1 (Fluent Inc., Lebanon, New Hampshire, USA). The simulations were carried out on the Linux cluster at the National Supercomputer Center (NSC, Linköping University, Sweden). The software uses finite-volume method for discretization of the equations. The mathematical model for blood flow utilizes three-dimensional, time-dependent Navier-Stokes equations for an incompressible and Newtonian fluid.
The governing equations include continuity and momentum equations, where V is the velocity vector, p the pressure, ρ the density, and μ the dynamic viscosity, see equations 1 and 2.
The blood was assumed incompressible, with a density of 1060kg/m 3 and Newtonian with constant dynamic viscosity μ measured for each subject, see table 1 (measurement details are found in [8] ).
Moreover, the total volume flow rate measured with MRI in cross sections placed in the ascending and descending aorta has been used for specification of the inflow/outflow boundary conditions. Volume flow rate in the ascending aorta was utilized to provide a fully developed laminar parabolic velocity profile in the inlet boundary condition based on equationa 3 and 4.
This velocity profile was chosen in order to get consistent volume flow rate conditions for the slightly varying geometries gained from the different segmentation approaches. 
Where inlet flowV was based on subject specific measurement of the blood velocity and
x and y are the corresponding coordinate values of the inlet face (figure 2) and r is the radius. In order to obtain the weighted outflow for the outlets, the flow weight fraction Ψ for each outlet was derived. The outlet fractions were based on the flow measurements in the ascending and descending aorta where the fraction in outlet 4 was directly gained from the measured flow, see equation 5. In outlets 1-3 the fraction Ψ was based on the remaining flow rate and the outlet boundary area according to equation 6, see table 3. Table 3 presents the complete list of outflow fractions used. slip boundary condition. The required time step size for transient simulations was evaluated based on Courant-Friedrichs-Lewy (CFL) condition. For all simulations the time step was set to 1.84 ms in order to satisfy the CFL condition. In addition, second order discretization (Green-Gauss Node based) was used for higher accuracy in the numerical simulation. The numerical scheme chosen for pressure velocity coupling was the SIMPLE algorithm.
To be able to compare WSS results, specific locations were defined for detailed analysis by introducing a circumferential band at the descending aorta. The aim of this study is to compare WSS using manual and semi-automatic segmentation methods, we introduced bands with the thickness of 0.002 m, see figure 2 . The comparison band is located in the descending aorta at the same head/feet coordinate as the inlet, i.e. 1.28·D inlet (average inlet diameter) in feet direction from point Θ. WSS was averaged over every 5
• segment of the band to obtain the WSS circumferential details. Tests were made with different band thickness and section sizes to avoid any influence the choosen post-processing method may have on the results. An optimum was found for the chosen settings described above. For less detailed analysis the whole band averaged WSS has been used. Regarding WSS extraction the included capabilities in FLUENT were used. This includes flow properties adjacent to the wall/fluid boundary for prediction of shear stresses, obviously this holds for no-slip wall conditions.
Since the flow is considered to be laminar, the wall shear stress is calculated by multiplying the viscosity μ and the velocity (v t ) (component tangential to the wall at the wall) gradient normal (n) to the wall according to equation 7.
Statistics
In order to statistically compare WSS results from the two segmentation methods the Pearson product-moment correlation coefficient r has been utilized according to equation 8 [18] .
where X and Y correspond to WSS magnitude values from manual segmentation and semiautomatic segmentation, respectively andX andȲ are the mean WSS magnitudes. The correlation coefficient was calculated on both detailed data (5 • segments) as well as averaged data (circumferential average) to enlighten different views of the results. To fully describe the different aspects of the data, correlation coefficients are not enough according to Bland and Altman [17] who distinguish the level of relation and agreement between two methods, particularly when using a correlation coefficient. This is best understood by viewing two different types of plots. First, plot the result of one method against the result of another and second, plot the difference between the methods against their means. These plotting approaches will be used in this work to complement the use of correlation coefficients.
Results
To show geometrical similarities between the two segmentation methods, an overview of the cross-sectional areas at inlets and outlets for the whole group is presented in figure 3 (based on table 2 data). Mean thoracic aorta (TA) lumen diameter (LD) for the semi-automatic seg- According to [28] , since the flow variability is reported low, the WSS variability is expected to be low as well because the employed CFD protocol is consistent for all subjects. It should only be influenced by the 3D geometry and the flow as input data to the CFD protocol. There are different ways of viewing flow-field data of a time resolved CFD simulation.
Indeed, one can visualize static images during a specific time point or time-resolved video.
For the purpose of this study, four time points during the cardiac cycle have been selected for comparison of the WSS variation between two segmentation methods. The chosen time points in the cardiac cycle were: systolic acceleration, peak systole, systolic deceleration and early diastole. Altough massive amounts of flow data were generated within this research, only flow data at the desribed locations (both in space and time) will be illustrated.
Visualization of contours for a particular quantity, e.g. WSS, can give an overall impression of the quantitative distribution. Circumferential WSS distribution can also be utilized, since it can provide more detailed information of WSS variation in anatomical locations. In this context, WSS datas were smoothed, i.e. the WSS datas located in every 5
• of the 2 mm thick band was avaraged, see figure 2. Figures 5 and 7 show contours and circumferential WSS for subject 5, this subject were choosen as an example of the results for selected time points during the cardiac cycle and for both semi-automatic and manual segmentation methods.
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Discussion
In the current study, 3D geometries of the human aorta of 8 healthy volunteers have been reconstructed from magnetic resonance imaging data acquisition by means of both manual and semi-automatic methods. CFD results are compared for all subjects in terms of WSS, both qualitatively and quantitatively. Regarding the geometry of the aortas, the measurement of the LD gives similar results. Furthermore the variability of the LD was low according to figure 4.
As shown in the representative subject 5, (see figurs 5 and 6) the WSS shows signs of good agreement between the semi-automatic and manual segmentation methods. However the surface from the semi-automatic segmentation becomes smoother (figure 5 and 6), which seems more physiologically relevant indicating that the semi-automatic segmentation approach is more appropriate regarding surface smoothness. This way of reasoning lies in line with [22] results from the carotid artery. Smoothing can influence the WSS results but with the used protocol this effect seems small as shown in figures 5 and 6, where smoothing for the different segmentation gives different surface smoothness but WSS still is similar. In order to avoid over-smoothing and at the same time reduce the rough inital segmented surface (due to the voxel-based image material) into smooth surface, a wide range of smoothing setting were tested which resulted in an appropriate smoothing setting applicable to all subjects.
This consistent settings for all subjects is appropriate to use for this kind of comparision study. Although our experience is that the differneces between smooting setting are rater small, there might be a slightly more optimal approach to the smoothing procedure.
The circumferential distribution of WSS in the ascending aorta was examined and representative results for subject 5 are shown in figure 7 . The detailed distribution of WSS agreed well between semi-automatic and manual segmentation. The pooled data from the subjects compares the differences between the curves (e.g. Figure 7 ) and indicates good agreement between the segmentation methods (e.g. table 4 ). The agreement between the two segmentation methods is also evident in the left part of figure 9 where it becomes clear that the best agreement is found during the systolic acceleration and peak systole time points of the cardiac cycle.
It is also shown that there are no systematic errors between the two segmentation approaches and the difference bias is generally close to zero, see right part of Figure 9 . The agreement becomes smaller in the systolic deceleration and early diastole where the flow is decelerating and relatively slow. This is more clearly shown by the correlation coefficients in table 5, which generally shows good agreement between the methods, but the level of correlation is lower in the systolic deceleration and even lower in the early diastole. This decreased cor-relation level in the early diastole is seen in both table 4 and figure 10 . A possible reason might be that the low flow velocities at this point of the cardiac cycle are more sensitive to local geometrical description of the arterial wall. The high WSS resolution presented by our method has not been reported by other groups, which is why further comparison with earlier papers is possible. The relative error in the accuracy and reproducibility findings on the carotid artery by [26] suggests a reported error of 7-10% for maximum WSS, which is in line with our results for systolic time-positions, where the largest WSS is gained, see figure 10 . The temporal variation in the results is new information provided by our study. In the overall view of the WSS for the subjects in figure 8 there are clear differences between the subjects and the deviation between segmentation method is in generally small. The differences in WSS between the subjects is far more prominent compared to influence of the segmentation method.
Hammer et al. [22] compared CFD results from two segmentation approaches similar to ours. They concluded that the semi-automated method had some advantages (e.g. time reduction for segmentation) and disadvantages (e.g. oversmoothing in diseased regions) compared with the manual method. Their work was limited by the number of datasets (only one dataset) and the influence of the time point in the cardiac cycle was not included (steady-state CFD). Finally the comparison was qualitative with limited quantitative evaluation concerning the differences between methods. Our data shows that circumferential averaged WSS in general gives similar results with the two methods, see Figure 8 . It is important to note the large differences in WSS between individuals, despite a very homogeneous group of volunteers (see table 1 ). This type of subject specific WSS results may give valuable information regarding the risk of atherosclerosis development in individual subjects. Averaging WSS results for a whole group of subjects is not recommended, due to the large individual variations in WSS.
The results are representative for this particular group of young healthy males only, because both flow and arterial geometry can be influenced by gender, age and cardiovascular disease. One advantage of applying the proposed method on older people is that their vessels in general are more stiff [27] , so the assumption of rigid vessel walls is actually more accurate. Regarding patients with aortic constrictions, the method is still valid but turbulence modelling might be needed to capture the flow situation, which mainly will lead to longer simulation time.
Conclusion
Finally we conclude that the estimated WSS with manual and semi-automatic segmentation methods shows good agreement. In the diastolic part of the cardiac cycle the WSS is more sensitive to small differences in the geometry differences in the geometricy due to the different segmentation methods. Thus, care should be taken when very detailed WSS data is of interest in the human aorta at the diastolic part of the cardiac cycle. The full set of results implicate that the semi-automatic segmentation method can be used in the future as it produces similar WSS results as a manual segmentation approach.
